Objective-To investigate mechanisms underlying gender differences in serum lipoprotein concentrations, the kinetic behavior of apoB-100 was assessed. Methods and Results-Twenty subjects (Ͻ50 years; 12 men and 8 premenopausal women) were provided a Western diet for 4 to 6 weeks, after which the kinetics of apoB-100 in triglyceride-rich, intermediate-density, and low-density lipoprotein (TRL, IDL, and LDL) were determined in the fed state. Nonfasting plasma TC, LDL-C, and triglyceride concentrations were 23%, 34%, and 57% lower, respectively, in the women compared with men. Plasma TRL and LDL apoB 100 pool sizes were lower by 40% and 30%, respectively. These differences were accounted for by higher TRL and LDL apoB 100 fractional catabolic rates (FCR), rather than differences in production rates (PR). Plasma TRL-C and LDL-C were positively correlated with TRL and LDL apoB 100 concentrations and pool size, and negatively correlated with TRL and LDL apoB 100 FCR (women: rϭϪ0.59, PϽ0. 01 and rϭϪ0.54, PϽ0.04, and men: rϭϪ0.43, PϽ0.05 and rϭϪ0.44, PϽ0.05). No significant associations were observed between plasma TRL-C and LDL-C and PR. Conclusions-These data suggest the mechanism for lower TRL-C and LDL-C concentrations in women was determined predominantly by higher TRL and LDL FCR rather than lower PR. This could explain, in part, the lower CVD risk in premenopausal women relative to men. (Arterioscler Thromb Vasc Biol. 2008;28:1838-1843) 
C ardiovascular disease (CVD) incidence differs between men and women. Among men aged 20 to 44 years the prevalence of CVD is one-third higher than women of the same age (34% versus 24%, respectively). Between the ages of 45 to 54 years, the prevalence is similar, but above the age of 55 years, it is higher in women. 1 Among women, CVD death rates after menopause are 2 to 3 times higher than women of the same age before menopause. [2] [3] [4] Lipid abnormalities, hypertension, smoking, diabetes, atherogenic diet, and sedentary lifestyle are well established risk factors for CVD. 1, 5 Among the lipid risk factors, elevated LDL-C and triglycerides, and decreased HDL-C concentrations have been independently linked to the progression of CVD. Gender, age and menopausal differences in plasma concentrations of both LDL-C and HDL-C have been documented. 6 -11 Men tend to have higher plasma LDL-C and lower HDL-C concentrations than comparably aged premenopausal women, and some studies have also reported higher VLDL-C, triglycerides, and apoB concentrations. 9, 10, [12] [13] [14] [15] [16] [17] Data from cross sectional 9, 10, [17] [18] [19] [20] [21] [22] [23] [24] and longitudinal stud-ies 23, [25] [26] [27] have shown that post-compared to premenopausal women have higher plasma total, LDL-C, VLDL-C, and triglyceride concentrations. It has been hypothesized that these differences might partly explain the lower CVD risk in premenopausal women and the higher but comparable CVD risk between postmenopausal women and men. However, limited information is available on the mechanism(s) underlying the gender related differences on circulating lipid and lipoprotein concentrations, especially in the younger age categories.
ApoB-100 is the major protein component associated with very low-density or triglyceride-rich, intermediate-density, and low-density lipoproteins (VLDL or TRL in the case of nonfasted plasma, IDL and LDL). These particles are linked via a delipidation and transfer cascade. Assessing the kinetic behavior of apoB-100 provides a unique opportunity to define mechanisms underlying the gender differences in lipoprotein profiles. In the present study, we investigated apoB-100 metabolism in premenopausal women and men (Ͻ50 years) using stable isotope methodology and multicompartmental modeling.
Methods

Subjects
Twenty subjects (nϭ8 women and nϭ12 men) aged Ͻ50 years participated in this study. All women were premenopausal (plasma estradiol 30Ϯ18 pg/mL and follicle-stimulating hormone [FSH] 5Ϯ1 mIU/mL) and were not taking oral contraceptives. Exclusion criteria were chronic illness, smoking, consumption of Ն2 alcoholic drinks per day, current use of medications known to affect lipid metabolism (lipid lowering drugs, fish-oil capsules, ␤ blockers, or diuretics), LDL-C Ͼ3.36 mmol/L, women who had undergone a hysterectomy or oopherectomy, perimenopausal women with irregular menses, and postmenopausal women. The protocol was approved by the Human Investigation Review Committee of the New England Medical Center and Tufts University. All subjects gave written informed consents. Part of these data has been published previously to address a different question-the effect of menopausal status 28 and age 29 on apolipoprotein kinetics.
Experimental Design and Diet
Subjects were maintained for 4 to 6 weeks on a standardized Western diet providing 49% energy (%E) carbohydrate, 15%E protein, 35%E fat (14% saturated fatty acids; 15% monounsaturated fatty acids and 7% polyunsaturated fatty acids), and 180 mg cholesterol/1000 kcal. All food and drink were provided to the subjects who reported to the Metabolic Research Unit of Tufts University four times per week. Initial energy intakes were calculated using the Harris-Benedict equation, and adjustments made when necessary to maintain body weight throughout the study period.
Measurement of Lipoprotein Kinetics
At the end of the controlled dietary period, a primed-constant infusion of deuterated-leucine was administered to the subjects in the fed state to determine the kinetic behavior of nonfasting TRL, IDL, and LDL apoB-100. After a 12-hour fast, subjects were fed the experimental diet as described hourly for 20 hours starting at 6 AM. Each identical meal consisted of 1/20 their daily caloric intake as previously described. 30 Five hours after the first meal, subjects received an intravenous bolus dose (10 mol/kg) followed by a constant infusion (10 mol/kg/h) of [5,5,5-2 H 3 ]-L-leucine over a 15-hour period. Blood samples (20 mL) were collected via a second intravenous line at 0, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10, 12, and 15 hours.
The protocol for plasma lipid and lipoprotein characterization, quantification, and isolation of the apolipoproteins, isotopic enrichment determinations and kinetic analysis were performed as described in detail previously. [31] [32] [33] [34] [35] [36] [37] [38] The fasting lipid and lipoprotein values reported are averages of 3 measurements taken at the end of the controlled feeding period. The nonfasting lipid and lipoprotein values are averages of 5 measurements corresponding to time points 1, 4, 8, 12, and 15 hours, during the infusion protocol.
Kinetic Analysis
The kinetic parameters of apoB-100 in TRL, IDL, and LDL fractions were determined by fitting the multicompartmental model to the tracer/tracee ratio (TTR) data using the SAAM II program (University of Washington, Seattle) as previously described. 28, 39 TRL, IDL, and LDL apoB pool sizes (PS) were determined by multiplying the measured apoB concentrations by estimated plasma volume. After fitting the respective compartment models to the observed data, fractional catabolic rates (FCR in pools/d) of apoB-100 were derived. 37, 39 Production rates (PR in mg/kg/d) were calculated as FCR (pools/d)ϫapo concentration (mg/L)ϫplasma volume (L)/body wt (kg).
It has been recently reported that use of TTR values for modeling can result in an underestimation of fractional secretion rate. 40 For primed constant infusions the bias error percentage is approximately equal to the plateau enrichment. Recalculation of the present data revealed an underestimation of FCR by 7% in the women and 6% in the men. Because these differences fall within expected error limits, and to facilitate comparison with previously published studies, we have reported results calculated using TTR data.
Statistical Analyses
Before statistical testing, data were checked for normality. Variables that were log transformed included nonfasting plasma TRL-C and triglycerides, TRL apoB-100, TRL PS, and IDL PR. A square root transformation was performed for IDL apoB-100. Untransformed data are presented in text and tables as meansϮSEM. Unpaired Student t test (SAS version 8, SAS Institute Inc) was used to assess mean differences between groups. Spearman correlation coefficients were calculated to test for association between plasma lipoproteins and apoB-100 kinetic parameters.
Results
Baseline Characteristics and Lipoprotein Data
Mean age, body weight, and body mass index were not significantly different between women and men ( Table 1) . Nonfasting plasma TC, LDL-C, and triglyceride concentrations were significantly lower by 23%, 34%, and 57%, respectively, in women compared with men. Plasma TRL-C concentrations also tended to be lower (17%) in the women, but this difference did not attain statistical significance. The mean HDL-C concentrations of the women and men recruited for this study was not significantly different. The TC/HDL-C and LDL-C/HDL-C ratios were significantly more favorable in the women than men. The fasting plasma TC and LDL-C concentrations were 12% and 18% lower in the women compared to the men. No significant differences were observed between genders in the other fasting lipid parameters.
ApoB-100 Kinetics
Plasma TRL apoB-100 pool size was significantly lower (40%) in women compared with men ( Table 2 ). This difference was predominantly attributable to an 82% higher TRL FCR with no significant difference in PR. The IDL kinetic parameters tended to be higher in the women compared to the men, but only the differences in IDL PR reached statistical significance. This could be a consequence of the higher TRL to IDL apoB-100 transfer or conversion rate observed in the women ( Table 2 and Figure 1 ). Both LDL apoB-100 FCR and PR were higher (44% and 24% [PϽ0.05], respectively) in the women relative to the men, and this resulted in net 30% lower LDL apoB-100 pool size (PϽ0.05) and 17% lower LDL apoB-100 concentration. The proportion of TRL apoB-100 converted to LDL via IDL was significantly higher in the women (37.1%) compared to the men (21.8%). There was no difference in the proportion of TRL apoB-100 converted directly to LDL, or in the conversion rate of apoB-100 from IDL to LDL (Table 2 ). However, the fraction of LDL apoB-100 derived from the direct conversion of TRL ( Figure 2 ) was 46% (5.6/12.2*100) in women compared to 65% (6.4/9.8*100) in men (Pϭ0.03). By difference, the fraction of LDL apoB-100 derived via the conventional cascade was 54% in the women compared to 35% in then men (Pϭ0.04). This suggests that the transport of apoB-100 through TRL, IDL, and LDL fractions tended to be higher in women compared with men, and that this was compensated for by increased rates of catabolism resulting in lower apoB-100 concentrations. Inclusion of age and BMI as covariates in the analysis did not significantly influence any of the results.
To determine whether the differences observed in plasma TRL-C and LDL-C concentrations were associated with differences in apoB-100 kinetic parameters, correlations coefficients were calculated. Plasma TRL-C concentrations were positively correlated with TRL apoB-100 (rϭ0.80, PϽ0.05 and rϭ0.59, PϽ0.05) and pool size (rϭ0.71, PϽ0.05 and rϭ0.68, PϽ0.01) in both women and men, respectively. In contrast, plasma TRL-C concentrations were correlated negatively with TRL apoB-100 FCR in both women and men (Figure 2A ). No significant association was observed with TRL PR ( Figure 2B ). Plasma LDL-C concentrations were correlated negatively with LDL apoB-100 FCR ( Figure 2C ) and positively with LDL apoB-100 (rϭ0.85, PϽ0.01 and rϭ0.91, PϽ0.0001) and pool size (rϭ0.80; PϽ0.01 and rϭ0.93; PϽ0.0001), in both women and men, respectively. Plasma LDL-C concentrations and the PR of LDL apoB-100 were not significantly correlated ( Figure 2D ).
Discussion
Elevated LDL-C and triglyceride and low HDL-C concentrations are well established risk factors for CVD in women and men. Although women tend to have a more favorable lipid profile than men from age 20 to 50 years, CVD risk increases in women after the onset of menopause, as well as with age in both women and men. 1, 41 In the present study we assessed the mechanisms for the gender difference in lipids between premenopausal women and men by studying the kinetic behavior of the major apolipoprotein associated with TRL, IDL, and LDL particles in the fed state. Our data demonstrate that the more favorable plasma lipoprotein profile in premenopausal women relative to men is primarily attributable to differences in TRL and LDL apoB-100 FCR rather than PR.
Only one study 42 has directly compared the gender-related differences in TRL, IDL, and LDL apoB-100 metabolism in the fed state. No significant differences were found in any kinetic parameter between postmenopausal women and men. This is not unexpected because the apoB-100 concentrations were similar between groups. Additionally, the study population included older individuals (Ͼ50 years) which could have obscured any potential gender difference at younger ages because increases in apoB-100 concentrations with advancing years have been documented. 17, 43 The kinetic basis for the age effect has been attributed to both an increase in production or a decrease in catabolism. 28, 29, 44 We have previously reported 28 that the shift toward a more atherogentic lipoprotein profile with menopause was related to lower TRL and LDL catabolism, which could also account for the comparable results observed between the postmenopausal women and men.
In the present study TRL apoB-100 FCR was approximately 1.8 times higher in premenopausal women than in men, and was the primary determinant of plasma TRL-C concentrations. These results are concordant with the findings of a meta-analysis of 21 kinetic studies of VLDL (fasted state) and TRL (fed state) apoB-100. 45 Pooled analysis showed that the FCR was 50% higher in women than in men (8.38Ϯ0.55 versus 12.59Ϯ1.6 pools/d; Pϭ0.007). No significant difference in PR was reported. A recent study 46 of VLDL apoB-100 kinetics in the fasted state reported that the lower VLDL apoB concentrations in women relative to men was attributable to lower VLDL apoB-100 PR. Interestingly, women also had shorter VLDL apoB-100 residence times (which is indicative of a faster FCR). Although the FCR data are similar to that observed in the present study, the lack of a difference in PR is likely attributable to the differences in prandial state.
With regard to LDL apoB-100 kinetics, FCR and PR were approximately 1.4 and 1.2 times higher, respectively, in the women relative to the men. This translated into a net reduction of 30% in LDL apoB-100 pool size, and 17% in LDL apoB-100 concentrations. These data suggest that the higher production rate did not compensate for the higher clearance rate observed. No comparable studies on the determinants of LDL apoB-100 kinetics in premenopausal women relative to men have been reported.
The mechanism(s) responsible for the higher TRL and LDL apoB-100 catabolic rate in premenopausal women is not fully understood. One possible explanation is the stimulatory effect of estrogen and the inhibitory effects of androgen on hepatic LDL and remnant receptors. 47 In support of this concept, Walsh and colleagues 48 reported that oral estradiol significantly reduced LDL-C concentrations by 10%, and this was accounted for by a 36% increase in apoB-100 FCR which offset a 21% increase in PR. In a subsequent analysis, Campos et al 49 showed that estrogen predominantly affects the metabolism of large LDL apoB-100, with a 63% increase in FCR and a 42% increase in PR. The apoB-100 concentration of dense LDL was not affected. In this study the lower plasma LDL-C concentrations (34%) in the premenopausal women relative to men was primarily attributable to a 44% higher LDL apoB-100 FCR, despite a 24% higher PR. These data are consistent with the hormonal dependent effect on lipoprotein metabolism.
In the present study, significantly less LDL apoB-100 was derived from TRL via the direct pathway in women compared with men. This suggests that apoB-100 transport through TRL, IDL, and LDL fractions was greater in women, and this was compensated for by increased rates of catabolism resulting in lower apoB-100 concentration. Given that the development of CVD in women is delayed relative to men, it would appear that the increased apoB-100 transport rates coupled with the increased FCRs resulting in a shorter residence time of apoB-100 in the TRL, IDL, and LDL fractions accounts, in part, for the reduced risk. Another potential explanation for the protective advantage in premenopausal women may be attributable to the higher clearance or lower production rates of apoB-48 associated with postprandial chylomicrons. We could not determine apoB-48 kinetic behavior because the apoB-48 enrichment values in the study subjects were below detection limits.
Differences in age and body composition could have also contributed to the observed gender differences. Although there was no statistically significant difference in age and BMI between the men and women who participated in this study, the men tended to be older, taller, and weigh more. Consequently, we cannot fully exclude the impact of these variables on the gender differences observed, nor can we extrapolate these results to the obese population. Disparities in fat distribution between women and men could have also contributed to the differences in kinetic parameters observed. Men tend to have higher visceral fat mass, 50 and it has been suggested that enhanced free fatty acid release from these stores can increase production of triglycerides by hepatocytes and result in higher TRL apoB-100 production rates. This would favor a decreased conversion rate of IDL to LDL and delayed FCR of LDL, via downregulation of hepatic LDL receptor activity. Additionally, higher hepatic lipase activity and lower lipoprotein lipase activity have also been reported in men than in women 51 which could result in greater lipolysis of triglyceride enriched IDL and LDL and impaired removal of TRL, respectively. This hypothesis is partially supported by the slower TRL to IDL transfer rates and lower TRL and LDL apoB-100 FCR observed in the men compared with women.
In conclusion, the more favorable lipoprotein profile and consequently lower CVD risk in premenopausal women relative to similarly aged men is attributable, in part, to the faster clearance rates of atherogenic apoB-100 containing lipoproteins rather than lower production rates.
